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Realistic mathematical models of biochemical pathways require kinetic data that have been
measured under physiological conditions. However, until recently most enzyme-kinetic data
were obtained under conditions that yield maximum activity rather than physiological activity.
The implementation of such non-physiological kinetic data is an important source of
discrepancies between model simulations and corresponding experimental data. Here we
review a number of initiatives to develop media for enzyme-kinetic assays that resemble the
intracellular conditions of various organisms. We will discuss the challenges faced when
developing such media, but also illustrate their relevance, since in vivo-like kinetic data
improve the predictive value of kinetic models substantially.
& 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/3.0/).Contents
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Comparison in vivo-like assay media for various organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Challenges in developing in vivo-like media for enzyme assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Buffer capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Macromolecular crowding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Improvement of kinetic models based on in vivo-like enzyme kinetics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129.02.011
hed by Elsevier GmbH. This is an open access article under the CC BY license
/by/3.0/).
sue entitled “Reporting Enzymology Data – STRENDA Recommendations and Beyond”. Copyright by
.nl (K. van Eunen).
127Importance and challenges of in vivo-like enzyme kineticsConﬂict of interest statement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129Introduction
Detailed kinetic mathematical models of metabolic path-
ways are often built on enzyme-kinetic data determined
under conditions that do not resemble the environment
inside the cell. This does not ﬁt the goal of understanding
the in vivo dynamics of metabolic pathways and may lead to
discrepancies between these mathematical models and the
experimental data. Recently, initiatives were taken to
develop in vivo-like assay media for measuring activities
of enzymes in Saccharomyces cerevisiae, Lactococcus lactis,
Escherichia coli and Trypanosoma brucei (van Eunen et al.,
2010; Goel et al., 2012; García-Contreras et al., 2012;
Leroux et al., 2013). For the latter three organisms the
strategy described in van Eunen et al. (2010) was used as a
blueprint to achieve a transparent deﬁnition of standard
assay media. In all these cases the aim was that the assay
medium should resemble the intracellular environment of
the organism as closely as possible but remain at the same
time simple enough to be applied in practice. This require-
ment of simplicity requires compromises, which deserve
close attention. In addition, we should be aware that
some of the ions added to the assay media could vary quite
substantially in the cell as a function of time and conditions.
In such cases the proposed assay medium may serve as
a reference from which variations can be studied
systematically.
Here we will give an overview of the methodology and
challenges for developing in vivo-like assay media. Further-
more we will show that the implementation of in-vivo-like
enzyme kinetics in detailed kinetic mathematical models of
metabolic pathways improves the predictive value of these
models.Table 1 Composition of in vivo-like assay media for various or
Component S. cerevisiae [1] L. la
K+ 300 mM 438 m
Phosphate 50 mM 1 mM
Glutamate 245 mM 400 m
Na+ 20 mM 50 m
Mg2+ 2 mM (free) 2 mM
Ca2+ 0.5 mM 2.04
Sulfate 2.5–10 mM 2 mM
Cl 50 m
HEPES 100 m
Co2+ 0.10
Cu2+ 0.12
Mn2+ 2.02
Zn2+ 0.10
Fe2+ 2.01
(NH4)6Mo7O24 0.02
pH 6.8 7.5Comparison in vivo-like assay media for various
organisms
In vivo-like assay media have been developed for S.
cerevisiae, L. lactis, E. coli and T. brucei. For E. coli and
T. brucei, the assay medium was completely based on ion
concentrations reported in the literature (García-Contreras
et al., 2012; Leroux et al., 2013), while in S. cerevisiae and
L. lactis the ion concentrations were determined by an
elemental-composition analysis supplemented with pub-
lished data (van Eunen et al., 2010; Goel et al., 2012).
Table 1 shows the composition of the resulting assay buffers.
The main differences were in the phosphate concentration
and in the choice of the anion that compensates for the high
cation concentration. The phosphate concentration in the
cytosol depends strongly on the concentration of phosphate in
the growth medium. The two assay media with the highest
concentrations of phosphate, i.e. those for S. cerevisiae and E.
coli, were based on cells that had been cultivated at a high
concentration of phosphate (35–50 mM) in the growth medium.
Thus, these high intracellular phosphate concentrations are
not inherent properties of the organisms, but rather refer to
the conditions under which they have been cultivated. This
illustrates that physiological assay media should not only be
tailored to the organism of interest, but also to the condition
of interest.
Another conspicuous difference between the buffers is the
high concentration of glutamate for yeast and L. lactis, which is
not used for the other two organisms. Both van Eunen et al.
(2010) and Goel et al. (2012) found that the cation concentra-
tion on the basis of element analysis was much higher than the
anion concentration. In the cell a large part of the negative
charges are in macromolecules, which cannot be added to theganisms.
ctis [2] E. coli [3] T. brucei [4]
M 200 mM 100 mM
25 mM 10 mM
M 10 mM
M 10 mM 15 mM
5 mM 10 mM
μM 1 μM
5 mM
M 150 mM 120 mM
M
7 μM
0 μM
1 μM
4 μM
2 μM
4 μM
7.5 7.0
K. van Eunen, B.M. Bakker128assay medium. Both sets of authors have chosen to ﬁll the anion
gap with glutamate, because it is the most abundant free amino
acid in the cytoplasm of S. cerevisiae (Canelas et al., 2008) and
L. lactis (Poolman et al., 1987; Thompson et al., 1986).
Obviously, this can only be done if glutamate is not a speciﬁc
regulator/substrate of the enzymes under study. An extra
advantage of glutamate as a counterion is that it contributes
to the buffer capacity. For cells with high physiological
concentrations of chloride, chloride may also be used as a
counterion, although we note that it does not function as a
buffer (García-Contreras et al., 2012; Leroux et al., 2013).
Challenges in developing in vivo-like media
for enzyme assays
During the development of the in vivo-like assay media for
the various organisms, similar challenges were faced in each
study. The most common challenges will be addressed here.
These are (i) the buffer capacity and anion composition of
the medium; (ii) macromolecular crowding; and (iii) the
effect of pH.
Buffer capacity
In all studies on the development of an in-vivo-like assay
medium the buffer capacity was one of the most important
issues coming forward. A buffer is needed, since the added
components as well as the altering reactant concentrations
may affect the pH in the assay. The buffer capacity of cells
can be ascribed mainly to inorganic phosphate, amino acids
and amino-acid side chains in proteins (Castle et al., 1986)
(but see Poznanski et al., 2013). However, inorganic phos-
phate is also an effector of many enzymes, as for instance
the glycolytic enzyme pyruvate kinase in L. lactis (Goel
et al., 2012). Therefore, inorganic phosphate can only be
used when it is in reality high in the cells. Indeed, Wu et al.
(2006) reported that S. cerevisiae had a high intracellular
concentration of high phosphate due to the high phosphate
in the medium. In the case of L. lactis, however, intracel-
lular phosphate was low and therefore Goel et al. (2012)
decided to use the non-physiological HEPES buffer instead.
The use of a non-physiological buffer, such as HEPES or
PIPES, is not preferable, since it adds a compound to the
medium that is not present in the cell. Yet, in cases like
described above it seems the best alternative, as long as the
non-physiological compound does not affect the enzyme
kinetics. In this respect, van Eunen et al. (2010) showed
that the use of PIPES instead of glutamate does not affect
the activity of the yeast glycolytic enzymes. Even when
phosphate can be used as a buffer at its physiological
concentration, it is important to keep in mind that intra-
cellular phosphate may ﬂuctuate upon environmental
changes.
Macromolecular crowding
Another issue in developing an in vivo-like assay medium is
whether and how to mimic the effect of macromolecular
crowding. Macromolecular crowding can alter the proper-
ties of enzymes in vivo (Ellis, 2001; Garner and Burg, 1994;Zimmerman and Minton, 1993). For instance, the cytosol of
E. coli contains around 300–400 mg/ml macromolecules
(Zimmerman and Trach, 1991). If this intracellular crowding
effect is not taken into account, enzymes may behave in a
different way in in vitro assays (Minton, 2006). For instance,
Rohwer et al. (1998) showed that the ﬂux through the
phosphotransferase system (PTS) in E. coli depends on the
presence and concentration of macromolecules. They used
up to 9% of polyethylene glycol (PEG), an inert macromo-
lecule, to mimic the intracellular crowded environment.
This altered the strength of protein–protein interactions,
which is an important factor in the kinetics of the PTS. In
studies where protein–protein interactions are apparently
less important, the addition of up to 10% PEG did not affect
the enzyme activity signiﬁcantly (van Eunen et al., 2010;
García-Contreras et al., 2012; Leroux et al., 2013). A high
concentration of macromolecules in the assay buffer makes
it viscous and therefore less suitable for accurate pipetting.
Therefore, addition of macromolecules to the assay buffer
is only recommended when it affects the kinetic properties
of the enzymes.
pH
Intracellular pH is recognized as one of most important
factors that affects enzyme activities. To complicate mat-
ters, it may change rapidly upon a change in the environ-
ment. For instance, the intracellular pH of yeast drops from
6.5 to 5.5 upon a glucose or ethanol pulse to glucose-limited
chemostat cultures (Kresnowati MTAP et al., 2008). To
mimic this in vitro, it is required to measure the intracel-
lular pH accurately under conditions of interest. Orij et al.
(2009) developed a method to measure the pH in the cytosol
and mitochondria by using a pH-sensitive GFP derivative in
the yeast strain S. cerevisiae. The method is applicable to
other microbes or mammalian cell types. Other methods are
via pH-sensitive nuclear magnetics resonance probes or
ﬂuorescent probes (Slonczewski et al., 1981; Boyer and
Hedley, 1994). Even if it may not be always feasible to
represent the dynamics of intracellular pH in in vitro assays,
it is already a great step forward if all enzymes in a
study are measured at the same pH somewhere in the
physiological range.
Improvement of kinetic models based on
in vivo-like enzyme kinetics
The implementation of in vivo-like enzyme kinetics into
mathematical models of metabolic pathways should render
these models more relevant for biological questions
(Smallbone et al., 2013; van Eunen et al., 2012). Enzyme
kinetic data that were obtained under physiological condi-
tions have been used for various purposes concerning
detailed kinetic modeling, such as (i) revision of an existing
yeast-glycolysis model (Teusink et al., 2000) with more
physiological Vmax and parameter values (van Eunen et al.,
2012); (ii) setting more physiological boundaries to Vmax
values for ﬁtting an L. lactis model of glucose fermentation
to experimental data (Goel, 2013); (iii) reevaluation of the
control properties of yeast glycolysis (Smallbone et al.,
2013; Pritchard and Kell, 2002) and (iv) elucidation of the
Figure 1 Time simulation of the fructose-1,6-bisphosphate
concentration in a yeast glycolysis model including the allosteric
regulation with either Vmax values measured under conditions
optimized for maximal enzyme activity (solid line) or with in vivo-
like Vmax values (dashed line). The gray dotted line indicates the
measured steady-state concentration. Figure adapted from (Van
Eunen et al., 2012).
129Importance and challenges of in vivo-like enzyme kineticscatalytic mechanism of the complex enzyme redox enzyme
trypanothione synthetase under physiological conditions in
the parasite T. brucei (Leroux et al., 2013).
The importance of in vivo-like kinetics for systems
biology is illustrated by the fact that they improved the
predictive value of a kinetic model of yeast glycolysis
substantially (van Eunen et al., 2012). The improvement
was not mere quantitative, but the model progressed from
one that failed to reach steady state and accumulated
intermediate metabolites inappropriately to one that
described ﬁve different experimental situations quite accu-
rately (for an example see Figure 1). The original Teusink
et al. (2000) model, but not the ‘real’ cell, develops a
‘turbo’ phenotype: the ATP-stimulated synthesis of fructose
1,6-bisphosphate in upper glycolysis persistently exceeds its
degradation in lower glycolysis. The implementation of
feedback/forward loops alone, i.e. inhibition of hexokinase
by trehalose 6-phosphate and the activation of pyruvate
kinase by fructose 1,6-bisphosphate (van Eunen et al.,
2012), does not solve the problem. The ‘turbo’ phenotype
still developed (Figure 1, black solid line) and the imple-
mentation of the in vivo-like Vmax values was crucial for
reaching a steady state (Figure 1, black dashed line). To our
knowledge, this is the only study in which classical in vitro
data and in vivo-like kinetics have been compared directly
in a kinetic model. Although the in-vivo-like kinetics
allowed a better ﬁt between model and experiment, the
agreement was not perfect. This demonstrates that there
should be additional aspects that need to be taken into
account to solve in vitro–in vivo discrepancies.Conclusion
The development of an assay medium that resembles the
physiological conditions as closely as possible is challenging.
Key issues are the pH, the buffer capacity, the phosphate
concentration and the possible effect of macromolecular
crowding on the activity of particular enzyme(s). Nevertheless,in vivo-like kinetics allow to really improve the predictive value
of kinetic models of biochemical pathways.Conﬂict of interest statement
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